Background: The effectiveness of bicycle safety helmets in preventing head injuries is well-documented. Recent studies differ regarding the effectiveness of bicycle helmets in preventing facial injuries, especially those of the mid-face and the mandible.
Background
As many as 2.4 million reported road accidents occurred in Germany in 2012, involving 387,978 accident victims (Federal Statistical Bureau, Wiesbaden, Germany). Cyclists accounted for 21% of accident victims (81,162); 19.2% were injured (74,370) while 0.1% (406) died (Federal Statistical Bureau, Wiesbaden). In 2012, 53 million residents of Germany possessed 71 million bicycles; the numbers are rising (de.statistica.com). The increasing use of bicycles as a mode of transportation may be attributed to rising fuel prices on the one hand, and the development of mass sports like mountain biking or racing cycling on the other (1) . Compared to other traffic participants such as drivers of cars or motorcycles, the cyclist is least protected. Even a minor collision or fall can cause serious injuries as cyclists fall unprotected on the collision partner or the road, quite often headlong (2, 3) . The cyclist's sole protection is the bicycle helmet. In most cases, it is a simple soft-shell helmet. Because standard bicycle helmets are primary not designed for preventing facial injury, they have no chin guard or face shield. So, we expect no protection to the face. In contrast to Australia, New Zealand or Finland, cyclists are not required to wear helmets by law in Germany. Nevertheless, the number of cyclists who use a helmet is increasing (Federal Statistical Bureau, Wiesbaden; GIDAS) ( Figure  1 ). Several studies have shown that head injuries are more common and more severe when the cyclist does not wear a helmet (4) (5) (6) (7) (8) (9) (10) . With regard to head injuries, the majority of studies conducted until today have focused on intracranial injuries and the severity of injury. The influence of a bicycle helmet on craniofacial fractures has been poorly analyzed and is, in part, controversially discussed (11) (12) (13) . These injuries are not life-threatening, but they are often associated with severe morbidity, loss of function, disfigurement, and significant financial cost (14) . 
Objectives
The aim of the present study was to analyze the effectiveness of bicycle helmets regarding prevention of facial fractures.
Patients and Methods
The evaluation was based on the data of the German In-Depth accident study (GIDAS). The German In-Depth accident study is a collaborative project of the federal office of road engineering (Bundesanstalt fur Strassenwesen; BaSt, Germany) and the research association of automobile technology (Forschungsvereinigung Automobiltechnik e.V.; FAT, Germany). A random selection method is used at the universities of Hannover and Dresden to register road accidents involving personal injury and evaluating these accidents medically and technically. According to this method, about 2,000 road accidents involving personal injuries are being reported every year in Greater Hannover and Dresden since the 1st of July 1999. A research team consisting of technicians and medical specialists go to the accident site and collect information about traces of the accident, vehicle deformation, injuries, and the cause of the accident. Based on 500 to 3000 data registered per accident, the accident can be reconstructed in detail by the use of a 3D laser technique (15, 16) . After the accident, the team went to the hospital where the patient was undergoing treatment and recorded the clinical diagnosis. All data were compared to the official accident profiles for the catchment area and analyzed. Thus, GIDAS data were representative of the actual conditions in the surveyed areas (17) .
In this study 24,892 accidents were registered from 1999 to 2011, of which 22,347 could be fully reconstructed. The excluded data were: Not completely reconstructed accidents, all traffic participants except bicyclists, fatally injured people. Also, cases with unknown facial injuries or unknown fact of wearing a helmet were excluded. All together we could analyze data from 5,350 cyclists. We evaluated the following data: collision opponents (Table 1) , type of collision (Table 1) , collision speed (relative speed of the collision partner in km/h), age, gender, the use of a protective helmet, and the presence of a facial fracture (orbital bone, zygomatic bone, nasal bone, maxilla, and mandible). Fractures of the nasal bone, the orbital bone, the zygomatic bone, and the maxilla were grouped together as fractures of the mid-face.
The bicycle is not only use as a cheap mode of transport. The community who use a bicycle for sport activities is increasing. Thus, every year redesigned and faster bicycles were produced by industry. So, there is a large offer on different bicycle types, e.g. city bikes, mountain bikes, road racing bikes, cyclo-cross bikes, BMX bikes, trick riding bikes and E-bikes. The normal road cyclist is generally not mandated to wear specific clothing. A standard bicycle helmet is the sole protection and is developed to protect the head in case of fall or collision. They are not designed to protect the face. So, they have no chin guard or face shield. Bicycle helmets were different in two types, depending in manufacturing method: In-mold-method and selective-sticking-method. The standard bicycle helmet is a soft-shell helmet and is produced in the selective-stickingmethod. In this process the two components (inner plastic foam and outer plastic) were sticked at selective points. So, the acting energy cannot distribute and leads much higher energy in several points. A better protection will be accepted by using the in-mold-method. This technique guaranteed an all-over solid compound from the inner plastic foam and the outer plastic. In case of fall the energy will be a consisted distribution of energy. Hard-shell helmet, micro-shell helmet and some skater helmet are produced in this way (18) . Some of those helmets have also an additional chin guard or face shield. Therefore, these kinds of helmets are used for mountain biking, speed biking and road racing biking.
Our data from the GIDAS had no details about the helmet. So, we did not know if the bicyclist wore a soft-shell helmet or hard-shell helmet. Because the data are from road accidents, we believe that most of the helmets were simple soft shell helmets.
This was a multicentrically and retrospectively evaluated comparative study. Data from the included groups were compared to the entire cohort of cyclists.
The data were evaluated retrospectively. SPSS Statistics 2 Arch Trauma Res. 2016; 5(3):e30011. (SPSS for Windows, Version 21.0, SPSS Inc, Chicago, USA) was used for statistical analysis. To get an overview of the data, a descriptive analysis was performed (Tables 1 and 2) . As related to our issue, we used the binary logistic regression model to analyze the variable "wearing a helmet" to the occurrence of a fracture (Table 3 ). In the same analysis, we looked for other risk factors for sustaining a facial fracture (Table 3) . A binary logistic regression model was performed to analyze the association between the fracture location, wearing a helmet, the relative speed of the opponent and the age ( Table 4 ). The level of significance was set to P ≤ 0.05.
Results
Of 5,350 bicycle accidents, 3.3% (175) had a fracture of the mid-face and/or mandible. Overall 228 fractures were identified (Table 2 ). Most frequent fracture was the nasal bone (38.1 %), followed by orbital bone (21.7 %), zygomatic bone (17.3 %), maxilla (8.4 %), mandible (8.0 %) and others (no specific description of fracture types; 6.5 %) ( Figure  2 ). The principal characteristics of all accident victims are shown in Table 1 . We had missing data as follows: unknown age 6 (0.1%), unknown gender 14 (0.3%), unknown collision partner 6 (0.1%) and unknown collision type 31 (0.6%), unknown speed 911 (17%). The age of the victims ranged between 2 and 89 years with a mean age of 39 years unrelated to gender (SD 20, 1). The mean age of all patients with a fracture was 45 years (SD 20.1). A significant association was found between the patient's age and the incidence of a fracture with an increase of fractures in the elderly (Table 3) . We registered a male to female ratio of 1:1.4 for all accident victims, and a ratio of 1: incidence of a fracture and gender. A protective helmet was worn by 10.1% of all cyclists, and only by 8% of those with a fracture. Also, 13.1% of male accident victims and 5.6% of female accident victims wore a helmet. The use of helmets was significantly dependent on gender and age; decreasing with advancing age and female gender. The distribution of collision partners and types is shown in Table 1 . The most frequent collision partners were cars, objects (also falls) and other bicyclists in the group with a fracture. The mean speed of the collision partner at the time of collision was 16.9 km/h (SD 13.1). Considering all patients with a fracture, the mean speed was 23.2 km/h (SD 19.4). A significant association was noted between one type of collision (Type 7: the opponent hits the bicycle from the side and collides with it frontally), the opponents speed, and the probability of a fracture of the mid-face, nose, or mandible (Table 3) . In general, we found no correlation between the collision partner and the incidence of a fracture ( Table 3 ). The distribution of fractures is shown in Figure 2 . We registered no significant association between the use of a helmet and the likelihood of experiencing a mid-facial fracture ( Table   3 ). Investigation of individual fractures showed that the use of a helmet increased the incidence of mandibular fractures (OR 3.981, CI 1.204 -13.168) ( Table 4) . Contrary to this, we found a tendency towards protective effects of the helmet to the maxilla (OR 0.823, CI 0.106 -6.385), the orbital bone (OR 0.573, CI 0.136 -2.418), zygomatic bone (OR 0.766, CI 0.180 -3.251) and nasal bone (OR 1.002, CI 0.428 -2.345) ( Table 4 ). The same analysis showed that the speed had no effect on fractures of the maxilla and that the age has no effect on maxilla and mandible fractures (Table 4) .
Discussion
The most important finding of this study was that the use of bicycle helmets does not reduce the incidence of mid-facial fractures, while being correlated with an even increased incidence of mandibular fractures.
We performed a detailed technical and medical investigation of 5,350 cyclists who were involved in road accidents; 3.3% (175) in the published literature (19) (20) (21) . The majority of the accident victims were men between the first and third decade of their lives, which is also in conformity with published data (19, 22) . Among patients with fractures, the majority were men aged 30 to 49 years. Similar data have been reported by Lindqvist et al. (21) . Our data revealed a significant correlation between the patient's age and the likelihood of suffering from a facial fracture. Reaction speed, balance, vision, hearing abilities and bone density deteriorate with advancing age (23) . All of these factors might explain the correlation.
Despite the increasing use of bicycle helmets in the last decade, the rate of helmet wearers (10.1%) was unexpectedly low in the present study. We found no explanation for the sudden drop of these rates in 2011 (Figure 1 ). Among patients with a facial fracture, only 8% wore a helmet. However, recent data from the GIDAS showed a rising number of helmet usage (15.4%) in 2013. A much higher rate of helmet wearers was found in the literature. Amoros et al. 2012 (France) reported that about 26% of bicyclists had worn a helmet (24) . Rivara et al. 1997 (Seattle, USA) reported about 52.5% (25) and de Rome et al. 2014 (Australia) about 89% (26) . In most cases the research was from states or districts with a helmet wearing legislation. In Australia the helmet use increased in Melbourne from 36% (pre-law) to 83% (post-law) and in the state of Victoria from 31.5% to 75% (9). In contrast, other studies reported about 2.1% to 6% bicyclist wearing a helmet in Brazil (27, 28) . In our study women wore rarely a helmet than men (w:m = 1:2.5). Same results were found in the literature (24, 29) . A reason could be that women have more concerns about fashion and hairstyle. The acceptance of a helmet was highest (65.8%) among children below 12 years of age, and started to fall with advancing age. There are different reasons for wearing a helmet or not wearing a helmet in literature. The major factors leading to teenagers not wanting to wear a helmet were appearance and comfort (30) . Ritter et al. 2011 found that household demographics, residential location, and riding patterns are significant correlates of helmet use (29) . Also, the urban residency, household income, and the presence of children in the household have a positive effect on the probability of helmet use (29) .
Bicycle accidents are caused by various factors: the cyclist and/or the opponent riding/driving too fast, inattentiveness, poor driving conditions, limited visibility, or mechanical failure (22) . The majority of bicycle accidents occur in road traffic: cyclists collide with cars, other cyclists, or pedestrians (16, 31, 32) . Our investigation showed that fractures usually occur during collisions with a car, an object (also a fall), or another cyclist. The authors of other studies (11, 12, 19, 20, 32) registered many more falls than we did. However, these studies included falls from bicycles due to all causes, whereas the (GIDAS) only took falls due to road accidents into account, the majority of which involved other road users as well. We found an association between one type of collision (Type 7: the opponent hits the bicycle from the side and collides with it frontally) and the occurrence of a fracture in our statistical analysis (Table 3) .
In our investigation, the speed of the opponent in the accident had a major impact on the likelihood of experiencing a facial fracture. The mean speed of the collision partner at time of collision was 23.2 km/h in all patients with a fracture. The force exerted on bone increases with speed, and thus the likelihood of a fracture. An experimental study by Syed et al. used video analysis techniques to determine the velocity, impact force, angle of impact, and impulse to fracture involved in a video-recorded bicycle accident resulting in facial fractures. The results showed that an impact velocity of 6.25 m/s (22.5 km/h) and a force of 1910.4 N with the head angled at a 14-degree extension and a 6.3-degree axial rotation to the left can result in a bilateral Le Fort 3 and 2 fractures (33). Also, Rivara et al. 1997 described that the speed at the time of crash is a risk factor for serious head, face and neck injuries (25) .
Among all fractures, mid-face fractures occurred very often (85.5%). We were unable to perform an exact classification of the fractures in terms of a Le Fort or NOE (nasoorbitoethmoidal) fracture because the GIDAS study does not provide data about the type and location of fractures. We do not know whether a fracture of the nasal bone, for instance, was an isolated injury or part of a combined Le Fort fracture.
Mandibular fractures occurred in 8% of the cases. Of interest, we found that the probability of a mandibular fracture is even increasing with helmet protection. On the other hand, we found a tendency towards a protective effect of wearing a helmet to the maxilla, orbital bone, zygomatic bone and nose, however without reaching statistical significance. From the biomechanical point of view, the force of a fall is curbed by the protective element, which 6 Arch Trauma Res. 2016; 5(3):e30011.
is the helmet. At the time of crash the helmet hides first. Afterwards the unprotected mandible crashed because of the hyperflexion in the cervical spine. In cases with no helmet, the forces are spread all over the facial bones. While the mandible is a stable single bone, the mid-face consists of several individual bones, some of them just 2 mm thick, and large pneumatized cavities. Therefore, the probability of a mid-facial fracture is much higher. The same mechanism was described by Hwang et al. in a review from 2015 (10). In case-control studies performed by Thompson et al. (9, 12, 13, 34) , the helmet was found to exert also a protective effect on the upper and mid-face in 65% of cases. The study performed in 1990 included soft tissue injuries and fractures, while the second study (34) showed that a bicycle helmet covers the upper and middle face from serious facial injury but cannot cover the lower face (10) . A meta-analysis based on 16 estimates of the effect on head, face and neck injuries of wearing a bicycle helmet concluded that the risk of facial injury reduced by 27% (37) . A present French study indicates that helmet wearing lowers the risk of facial injuries (24) . This study included any facial injury with no separation of lacerations or fractures.
Just a few studies found no effect in preventing facial injuries. In a case-control study in Finland (11), the authors registered the protective effect of a hard shell bicycle helmet on head injuries, but not facial injuries.
Several studies reported that mandibular fractures are common in bicycle injuries (21, 38) while other studies also reported more fractures in the mid-face (19, 20) . However, none of these studies reported if the cyclists wore a helmet or not.
The strongest limitation of our study was the small number of persons with helmet protection. So, the statistical analysis was vulnerable for coincidence and bias. We also had 911 cases (17%) with missing data of the speed and did not know what kind of helmet was worn. Second, we were unaware of the exact location of the fractures. Therefore, it is difficult to separate the possible effect of the helmet on different fracture types. Furthermore, this fact hindered comparison of our data with those of other studies.
As a perspective, we intend to repeat the investigation in five years' time to reproduce these data in a larger population. Furthermore, we plan to use dummies for a biomechanical investigation of the force exerted on the mandible and the mid-face to determine a protective effect of modified bicycle helmets on mid-facial and mandibular fractures.
Conclusion
Higher age of cyclists and increasing speed of the accident opponent significantly increase the likelihood of sustaining facial fractures. The use of bicycle helmets does not significantly reduce the incidence of mid-facial fractures, while being correlated with an even increased incidence of mandibular fractures.
Footnote
Financial Disclosure: None of the authors have any financial interests related to the material in the manuscript.
